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Molecular modelingAbstract The interaction between thiabendazole (TBZ) and calf-thymus DNA (ct-DNA) was
studied by experimental and molecular modeling methods. The intrinsic ﬂuorescence of TBZ was
quenched in the presence of ct-DNA. In competition experiments, TBZ could displace Hoechst
33258 (a minor groove binder to DNA), whereas it was unable to replace ethidium bromide (an
intercalator). Potassium iodide could quench the ﬂuorescence of TBZ, which indicated the nonin-
tercalative mode of binding of TBZ to ct-DNA. UV absorbance of TBZ shows hyperchromic effect
on the addition of DNA to the solution with negligible shift in wavelength. Salt effect studies
showed the non-electrostatic nature of binding of TBZ to DNA. The viscosity of ct-DNA solution
was almost unchanged on addition of TBZ. Circular dichroism (CD) spectra of DNA showed small
changes in the presence of TBZ which is in agreement with groove binding mode of interaction.
Moreover, from molecular modeling methods, a docked structure with minimum energy was
obtained in which TBZ was located in minor grooves of ct-DNA.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Thiabendazole [2-(4-thiazolyl)benzimidazole (TBZ)], (Scheme 1),
is used as a broad spectrum anthelmintic in various animals
(Brown et al., 1961) and in humans (Hennekeuser et al., 1969).
TBZ inhibits anaerobic respiration at the level of mitochondrialhelminth-speciﬁc enzyme. This compound has been used also as
a food preservative and an agricultural fungicide (Szeto et al.,
1993; Arenas and Johnson, 1994). Its multiple uses may cause
the entry of its residues into the human food chain, either through
direct exposure or through exposure to agricultural products and
to food-producing animals. Induction of aneuploidy and photo-
genotoxicity has been reported for TBZ in bacteria and cultured
human cells (Watanabe-Akanuma et al., 2005).
In recent years, the effect of small molecules (drugs, pesti-
cides, fungicides, etc.) on the structure of DNA has attracted
the interest of many research groups in the ﬁelds of biochem-
istry and analytical chemistry, because some of them have been
categorized as potent genotoxicants and alkylating agents for
DNA (Zhu et al., 2014; Zhang et al., 2005, 2013; Kashanian
et al., 2008; McCarroll et al., 2002). Some pesticides such aslecular
Scheme 1 Chemical structure of thiabendazole (TBZ).
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have been reported to interact with DNA and form promuta-
genic DNA adducts (Laouedj et al., 1995; Shah et al., 1997).
Therefore, the studies on the interaction of toxic small mole-
cules with DNA will be helpful in understanding the mecha-
nisms of DNA damage by them and planning the design of
more efﬁcient compounds. Intercalation, groove binding, and
electrostatic interactions are the three major interaction modes
of small molecules with DNA (Haq, 2002; Zeglis et al., 2007).
Intercalation occurs when ligands of an appropriate size and
chemical nature ﬁt themselves in between base pairs of
DNA, while major and minor groove binders interact with
the grooves of the double helix of DNA. Electrostatic binding
is the interaction between cationic species and the negatively
charged DNA phosphate backbone that occurs along the
external DNA double helix.
In this work, in vitro interaction between TBZ and DNA
was investigated under simulated physiological conditions
(Tris–HCl buffer, pH 7.4). UV–Vis absorption, ﬂuorescence
and CD spectroscopies, as well as viscosity measurements were
used in this study. The binding mode and thermodynamic
characteristics of the interaction were discussed using the
experimental results and molecular modeling methods.
2. Materials and methods
2.1. Apparatus
Fluorescence measurements were performed with a JASCO
spectroﬂuorimeter Model FP6200 equipped with a Xenon
lamp (150 W) and a thermostat bath. UV–Vis absorption spec-
tra were recorded using Agilent 8453 spectrophotometer
(Waldbornn, Germany) and a quartz cell with a path length
of 1.0 cm. Circular dichroism (CD) measurements were
recorded on a JASCO (J-810) spectropolarimeter (Tokyo,
Japan). The viscosity measurements were carried out using a
SCHOT AVS 450 type viscometer (Germany).
All experiments were run at room temperature (25 ±
0.1 C), unless speciﬁed otherwise.
2.2. Chemicals
Calf thymus DNA (ct-DNA) was obtained from Sigma and
was dissolved in Tris–HCl buffer solution. The purity of
DNA was checked by monitoring the ratio of the absorbance
at 260 and 280 nm. The solution gave a ratio of
A260/A280 > 1.8, which indicates that DNA was sufﬁciently
free from protein (Ling et al., 2008). The concentration of
DNA in stock solution was determined by UV absorption at
260 nm using a molar absorption coefﬁcient e260 =
6600 L mol1 cm1 (Kanakis et al., 2009). The prepared
DNA solution was stored at 4 C and used within 4 days.Please cite this article in press as: Jalali, F., Dorraji, P.S. Interaction of anth
modeling studies. Arabian Journal of Chemistry (2014), http://dx.doi.org/TBZ (Sigma, purity >99%) stock solution (1.0 · 102
mol L1) was prepared by dissolving its pure powder in abso-
lute ethanol solution. Ethidium bromide (EB) (Sigma) stock
solution (1.0 · 103 mol L1) was prepared by dissolving in
Tris–HCl buffer solution and stored in a cool and dark place.
All solutions were adjusted to pH 7.4 with Tris–HCl buffer
solution (0.05 mol L1). Other chemicals were of analytical
reagent grade and used without further puriﬁcation. Doubly
distilled deionized water was used throughout.
2.3. Procedures
2.3.1. Fluorescence measurements
A solution of TBZ (3.0 · 105 mol L1) was titrated by succes-
sive additions of a stock solution of DNA. Each solution was
allowed to reach equilibrium for 5 min. The ﬂuorescence spec-
tra of the mixtures were then recorded in the wavelength range
of 310–530 nm when excited with kex = 295 nm. The emission
spectra were recorded at three different temperatures, i.e., 288,
298 and 310 K.
2.3.2. Competition experiments
Increasing amounts of TBZ were injected into a cell containing
EB (2.0 · 105 mol L1) and DNA (8.0 · 105 mol L1) at
room temperature. After an equilibration interval (2 min),
the ﬂuorescence spectra of the mixtures were recorded in the
range of 550–670 nm (kex = 530 nm). All ﬂuorescence
emission measurements were carried out in 0.05 mol L1
Tris–HCl buffer (pH 7.4) at room temperature.
In another experiment, TBZ was injected into a cell con-
taining Hoechst 33258 (5.0 · 106 mol L1) and DNA
(1.43 · 104 mol L1) at room temperature. Fluorescence spec-
tra of the mixture were recorded in 360–560 nm when excited
with kex = 340 nm. The excitation and emission slits were 5
and 10 nm, and the scan speed was 500 nm min1.
In order to eliminate the inner ﬁlter effects of DNA and
TBZ, absorbance measurements were performed at excitation
and emission wavelengths of ﬂuorescence measurements. The
ﬂuorescence intensity was corrected for absorption using the
following equation (Zhenxing and Rutao, 2011; Shyamali
et al., 1979):
Fcor ¼ Fobs10A1þA2=2 ð1Þ
where Fcor and Fobs are the corrected and observed ﬂuores-
cence, respectively, and A1 and A2 are the sum of the absor-
bances of DNA and TBZ at excitation and emission
wavelengths, respectively.
2.3.3. Iodide quenching experiments
Different concentrations of potassium iodide solution (0.0–2.5
· 103 mol L1) were added to TBZ (3.0 · 106 mol L1) and
TBZ–DNA mixture. The ﬂuorescence intensity was recorded
after each addition and quenching constants were calculated
from the resulted data.
2.3.4. Effect of ionic strength on the ﬂuorescence spectra
A series of assay solutions containing various amounts of
sodium chloride (0–0.6 mol L1) and ﬁxed amounts of TBZ–
DNA and TBZ were prepared to study the salt effect by com-
paring the ﬂuorescence spectra at different ionic strengths.elmintic drug (thiabendazole) with DNA: Spectroscopic and molecular
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Figure 1 Fluorescence spectra of TBZ in the presence of increas-
ing amounts of DNA (pH = 7.4, T= 298 K, kex = 295 nm).
[TBZ] = 3.0 · 105 mol L1 and [DNA] = 0–1.8 · 104 mol L1.
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UV–Vis absorption spectra of TBZ solution were recorded
after successive additions of ct-DNA in the wavelength range
of 200–600 nm. All measurements were carried out in Tris–
HCl buffer (0.05 mol L1, pH 7.4) at room temperature
(25 ± 0.1 C).
2.3.6. Circular dichroism (CD) studies
CD spectra of DNA incubated with different amounts of TBZ
were measured in the range of 220–320 nm (r= [TBZ]/
[DNA] = 0, 1.2, 1.5). The changes in CD spectra were
monitored against a blank as ellipticity in mdeg. The optical
chamber of the CD spectrometer was deoxygenated with dry
nitrogen before use and kept in a nitrogen atmosphere during
experiments. All CD measurements were carried out in
Tris–HCl buffer (pH 7.4) at room temperature.
2.3.7. Viscosity measurements
Viscometric titrations were performed using a viscometer,
which was immersed in a thermostatic water-bath at
25.0 ± 0.1 C. The experiments were conducted by adding
appropriate amounts of TBZ into the viscometer to give a cer-
tain r (=[TBZ]/[DNA]) value while keeping the DNA concen-
tration constant. The ﬂow time of the solution through the
capillary was measured with an accuracy of ±0.20 s by using
a digital stop watch. The mean value of three replicate mea-
surements was used to evaluate the average relative viscosity
of the sample. The data were presented as (g/g0)1/3 versus r
(Sun et al., 2008), where g and g0 are the viscosities of DNA
in the presence and absence of TBZ, respectively. Viscosity
values were calculated from the observed ﬂow time of DNA
– containing solutions (t) and corrected for buffer solution
(t0), g= (t  t0)/t0.
2.3.8. Molecular docking study
MGL tools 1.5.4 with AutoGrid 4 and AutoDock 4 (Morris
et al., 2008, 2009) were used to set up and perform blinded
docking calculations between TBZ and a DNA sequence.
DNA sequence d(CGCGAATTCGCG)2 dodecamer (PDB
id: 1BNA) was obtained from the Protein Data Bank. Recep-
tor (DNA) and ligand (drug) ﬁles were prepared using Auto-
Dock Tools. DNA was enclosed in a box with the number
of grid points in x · y · z directions equal to 106 · 100 · 76
and a grid spacing of 0.375 A˚. The center of the grid was set
to 14.719, 20.979, and 8.824 A˚. Lamarckian genetic algo-
rithms, as implemented in AutoDock, were employed to per-
form docking calculations. All other parameters were default
settings. For each of the docking cases, the lowest energy
docked conformation, according to the Autodock scoring
function, was selected as the binding mode. The output from
AutoDock was rendered with PyMol (DeLano, 2004).3. Results and discussion
3.1. Fluorescence quenching studies
TBZ showed a strong emission band centered at 353 nm when
excited with a 295 nm wavelength. The emission spectra of
TBZ in the absence and presence of DNA are shown in
Fig. 1A. Regular decrease in ﬂuorescence intensity of TBZ isPlease cite this article in press as: Jalali, F., Dorraji, P.S. Interaction of anth
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that DNA quenches the intrinsic ﬂuorescence of TBZ. The
quenching rate constant (kq) was calculated according to
Stern–Volmer equation:
F=F0 ¼ 1þ kq s0 ½Q ¼ 1þ KSV ½Q ð2Þ
where F0 and F are the ﬂuorescence intensities in the absence
and presence of DNA. KSV is the Stern–Volmer quenching
constant, [Q] is the concentration of DNA and s0 is the aver-
age ﬂuorescence lifetime (108 s).
The plot of Stern–Volmer equation is shown in Fig. 2A,
from which kq was obtained to be 4.13 · 1011 M1 s1 at
25 C. For dynamic quenching, the maximum collisional
quenching constant obtained for various quenchers is
2.0 · 1010 M1 s1 (Wang et al., 2009). However, kq is much
larger, suggesting that the quenching is due to the formation
of a complex between TBZ and DNA, i.e., static quenching
(Sun et al., 2012).
The apparent binding constant (KA) and the binding stoi-
chiometry (n) of DNA–TBZ complex can be estimated by
using the following relationship (Li and Dong, 2009):
log ðF0  FÞ=F ¼ log KA þ n log ½Q ð3Þ
The value of KA (t= 25 C) was obtained from the inter-
cept of the plot of log [(F0  F)/F] against log [Q] (Fig. 2B)
and the stoichiometry (n) from the slope, which were
6.32 · 103 and 1.05, respectively. Because KA is lower than that
of classical intercalative binding mode (Shi et al., 2011), groove
binding is more reasonable.
3.2. Study of displacement of Hoechst 33258 by TBZ In DNA
Hoechst 33258, is a synthetic N-methylpiperazine derivative
that binds strongly to the minor grooves of DNA with speciﬁc-
ity for A–T rich sequences (Murray and Martin, 1988a,b; Haq
et al., 1997; Harshman and Dervan, 1985). The quantum yieldelmintic drug (thiabendazole) with DNA: Spectroscopic and molecular
10.1016/j.arabjc.2014.06.001
Figure 2 (A) Stern–Volmer plot for quenching of TBZ by DNA
(Q) at 25 C. (B) Plot of log (F0  F)/F versus log [Q]. (pH = 7.4,
kex = 295 nm, kem = 357 nm). [TBZ] = 3.0 · 105 mol L1.
Figure 3 Displacement of Hoechst 33258 (a) in Hoechst–DNA
(b) by increasing amounts of TBZ in Tris–HCl buffer (pH 7.4);
[Hoechst] = 5 lmol L1; [DNA] = 1.43 · 104 mol L1; [TBZ] =
2.4–66.7 lmol L1; kex = 340 nm.
4 F. Jalali, P.S. Dorrajiof Hoechst 33258 increases signiﬁcantly in the presence of
DNA, due to its higher planarity in DNA grooves (compared
to the free Hoechst), as well as protection from collisions with
solvent molecules (Guan et al., 2006; Weisblum and Haenssler,
1974). Competing ligands for the same sites on DNA, on the
other hand, liberate Hoechst to the solvent along with an obvi-
ous decrease in the ﬂuorescence intensity of the solution.
Fig. 3 shows the ﬂuorescence spectral changes of bound
Hoechst to DNA by addition of TBZ. Comparison with the
ﬂuorescence spectrum of TBZ (Fig. 1) shows small overlap-
ping, which seems unimportant due to the different excitation
wavelengths of Hoechst and TBZ (340 nm versus 295 nm). The
obvious decrease in the ﬂuorescence intensity of bound Hoe-
chst conﬁrms that TBZ is an A–T rich minor groove binder
to ct-DNA.
3.3. Competitive binding of ethidium bromide (EB) and TBZ for
ct-DNA
Ethidium bromide (EB) is a well-known intercalator, which is
often used as a spectral probe to establish the mode of binding
of small molecules to double-helical DNA (Warning, 1965;
Lepecq and Paoletti, 1967; Wu et al., 2002). The ﬂuorescence
of EB increases after binding to DNA due to intercalation.
Like EB, if TBZ intercalates into the helix of DNA, it would
compete with EB for the intercalation sites in DNA, and lead
to signiﬁcant decrease in the ﬂuorescence intensity of
EB–DNA complex (Ghaderi et al., 2007). For example,Please cite this article in press as: Jalali, F., Dorraji, P.S. Interaction of anth
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sion intensity of EB–DNA (Wu et al., 2002). Fig. 4A shows the
effect of increasing concentrations of TBZ on the ﬂuorescence
intensity of EB bound to ct-DNA. It is apparent from Fig. 4A
that, no signiﬁcant displacement of EB occurs indicating that
TBZ did not intercalate with DNA.
3.4. Iodide quenching studies
The ﬂuorescence quenching studies give an idea about the
availability of the probe molecules to the quencher. In this
study, the ﬂuorescence quenching of TBZ was explored using
KI as the ionic quencher. Intercalative binding of small mole-
cules to DNA base-pairs shields the molecules from the ionic
quenchers, thus showing very low quenching compared to that
in aqueous solution (Kumar and Asuncion, 1992). On the con-
trary, in the case of groove binding, the molecules are exposed
to the aqueous solution, thus making the molecule quite avail-
able to the quenchers.
In this study, the ﬂuorescence characteristics of TBZ solu-
tion were compared with DNA–TBZ mixture during gradual
addition of KI. Obviously, KI quenched the emission of
TBZ (Fig. 4B) in the absence (Ksv  87.75) and in the presence
of DNA (120.08). These results provide direct evidence
(Manna and Chakravorti, 2012) for the groove binding of
TBZ with DNA.
3.5. Thermodynamic parameters and binding forces
The main binding forces between a small molecule and macro-
molecules in aqueous solution include van der Waals and elec-
trostatic interactions as well as the hydrophobic effect, i.e. the
release of water molecules from the solvation shell to the bulk
solvent. Timasheff (1972), Ross and Subramanian (1981) char-
acterized the relationship between the sign and magnitude ofelmintic drug (thiabendazole) with DNA: Spectroscopic and molecular
10.1016/j.arabjc.2014.06.001
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the kind of binding forces involved.
In order to calculate DH and DS, van’t Hoff equation (Eq.
(4)) was used. The Gibbs free energy change (DG) was deter-
mined from the binding constant at a particular temperature
according to Eq. (5), andDSwas estimated according to Eq. (6):
ln KA2=KA1 ¼ ð1=T1  1=T2ÞDH=R ð4Þ
DG ¼ RT ln KA ð5Þ
DG ¼ DH  TDS ð6Þ
KA1 and KA2 are the binding constants at temperatures T1
(298 K) and T2 (310 K), respectively.
The calculated negative value of DG (21.68 kJ mol1)
revealed that the interaction between TBZ and DNA is spon-
taneous in aqueous solution. Positive values of DH
(26.16 kJ mol1) and DS (160.54 J mol1 K1) indicate that
the binding process is mainly entropy driven. The fact that
DH and DS are both positive suggests a strong contribution
of the hydrophobic effect (Bi et al., 2009).
3.6. Effect of the ionic strength
DNA is an anionic polyelectrolyte with phosphate groups.
Monitoring the spectral change with different ionic strength
is an efﬁcient method to distinguish the binding modes
between molecules and DNA. NaCl is used to control the ionicFigure 4 (A) Fluorescence intensity of EB–DNA complex in the
absence and the presence of TBZ. [DNA] = 4.0 · 105 mol L1;
[EB] = 3.2 · 106 mol L1; [TBZ] = 0.0–6.83 · 105 mol L1. (B)
Stern–Volmer plots for quenching of TBZ by KI in the
absence and presence of DNA. c(TBZ) = 3.0 · 106 mol L1,
c(DNA) = 2.0 · 104 mol L1, pH = 7.4.
Please cite this article in press as: Jalali, F., Dorraji, P.S. Interaction of anth
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phosphate groups, the addition of Na+ would weaken the elec-
trostatic interaction between molecules and DNA [Wu et al.,
2009]. The effect of NaCl on the ﬂuorescence of TBZ-DNA
system and free TBZ was studied. The results displayed that
the ﬂuorescence intensity of TBZ-DNA system and free
TBZ did not signiﬁcantly change with increasing concentration
of NaCl (from 0 to 0.6 mol L1), which suggested non-
electrostatic binding of TBZ to DNA.
3.7. UV absorption spectra of TBZ in the presence of ct-DNA
The absorption spectra of TBZ in the absence and presence of
increasing amounts of DNA are given in Fig. 5. Two bands
centered at 243 and 297 nm dominated UV region of the elec-
tronic spectrum of TBZ. The absorbance of TBZ increased
slightly with successive additions of DNA, suggesting that
there exists an interaction between TBZ and DNA which is dif-
ferent from the intercalation binding mode. Classical intercala-
tion has been characterized by large changes in the absorbance
intensity and wavelength, whereas groove binders always dis-
play small changes (Kalanur et al., 2009; Guo et al., 2007).
As a consequence, groove binding is suggested as the main
mode of interaction of TBZ with ct-DNA.
3.8. Circular dichroism (CD) spectroscopy
The morphology changes of DNA can be studied efﬁciently by
CD spectroscopy during its interaction with other species. The
CD spectra of free ct-DNA (50 lM) shows a positive band at
273 nm due to base stacking and a negative band at 245 nm
due to right handed helicity, this is a characteristic of the
B-form of DNA (Novakova et al., 2003; Curtis-Johnson,
1994). These bands are highly sensitive toward the DNA
interaction with small molecules (Uma Maheswari and
Palaniandavar, 2004; Ivanov et al., 1973). The changes in the
CD spectra can be attributed to the corresponding changes
in the ct-DNA structure (Lincoln et al., 1997). In the case of
minor groove binding, the CD spectra show almost no change,Figure 5 Absorption spectra of TBZ in the absence and presence
of increasing amounts of DNA (1–5), [TBZ] = 5.0 · 105
mol L1, [DNA] = 5.0 · 106–7.5 · 105 mol L1. (T= 25 C).
Red spectrum (dashed) is for ct-DNA.
elmintic drug (thiabendazole) with DNA: Spectroscopic and molecular
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Figure 7 CD spectra of DNA in the presence of TBZ. Conditions:
[DNA] = 5.0 · 10–5 mol L1; [TBZ] = 0–7.5 · 105 mol L1.
Figure 8 Molecular docked model of TBZ with DNA dode-
camer duplex of sequence d(CGCGAATTCGCG)2 (PDB id:
1BNA).
6 F. Jalali, P.S. Dorrajiwhereas the intercalative binding affects both the positive and
negative bands, as observed for classical intercalators, such as
methylene blue (Norden and Tjerneld, 1982).
In the present study, the CD spectra of ct-DNA in the
absence and presence of increasing concentrations of TBZ
were recorded (Fig. 6). Although slight decrement (shifting
to zero level) in the negative DNA band is obvious, which
indicates decrease in base-pair helicity, however, perturbations
on the helicity and especially base-stacking bands are not as
pronounced as being indicative of a transition in DNA confor-
mation. This evidence supports groove-binding nature of
TBZ-DNA interaction.
3.9. Viscosity measurements
Further information on the nature of the binding of TBZ to
DNA can be obtained through hydrodynamic studies such as
viscosity measurements. Classical intercalation results in
lengthening of DNA due to the separation of base-pairs at
the intercalation site, which produces a concomitant increase
in the relative speciﬁc viscosity of such solutions. Thus, such
studies offer the least ambiguous test of intercalation
(Lerman, 1961; Satyanarayana et al., 1992; Kelly et al.,
1985). Minor positive or negative changes in DNA solution
viscosity are observed when binding occurs in the DNA
grooves (Kelly et al., 1985). Fig. 7 shows the plot of ﬂow time
(t) of ct-DNA with increasing concentrations of TBZ. It is
observed that the addition of TBZ to ct-DNA solution results
in a slight increase in the ﬂow time which is not as pronounced
as observed for a classical intercalator (Vaidyanathan and
Nair, 2003) and are consistent with substrates that bind to
DNA through a groove-binding mode (Metcalfe et al., 2006).
3.10. Molecular modeling studies
Generally, molecular modeling is widely used in the design of
new drugs. In recent years, this method has provided insight
into the interactions between macromolecules and ligands with
the help of docking programs Dock, Autodock, Surﬂex and so
on.Figure 6 Relative speciﬁc viscosity of DNA in the presence of
TBZ; r= [TBZ]/[DNA].
Please cite this article in press as: Jalali, F., Dorraji, P.S. Interaction of anth
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minor grooves of DNA (Fig. 8). This conclusion is consistent
with the results of experimental methods and shows the power
of theoretical calculations in predicting the site of interaction
on DNA for a small molecule. Thiazol ring of TBZ is situated
within narrow A–T (10.8 A˚) regions with displacement of
water molecules. Preferential binding of thiazol moiety to
A–T (Filosa et al., 2009) leads to van der Waals and hydropho-
bic interactions with DNA functional groups same as the
results of thermodynamic calculations.
4. Conclusions
In this work, the interaction of TBZ with ct-DNA was studied
by various spectroscopic and molecular modeling methods. It
was revealed that TBZ is a minor-groove binder of ct-DNA.
The process is spontaneous and the most important acting
forces are hydrophobic along with release of water molecules.
The results of experimental methods were conﬁrmed by molec-
ular modeling calculations.elmintic drug (thiabendazole) with DNA: Spectroscopic and molecular
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